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1  | INTRODUCTION
Photoperiod	 and	 temperature	 are	 important	 environmental	 drivers	
of	 distribution	 and	 local	 adaptation	 (Gaston,	 2009).	 In	 forest	 trees,	
annual	 growth	 cycles	 have	 evolved	 in	 response	 to	 growing	 season	
length	variation,	making	trade-	offs	between	survival	and	growth	(Petit	








This	 indicates	 that	divergent	 selection	 is	 strong	enough	 to	maintain	
population	 differentiation	 even	 in	 the	 presence	 of	 substantial	 gene	
flow	 (Storz,	 2002).	 Patterns	 of	 population	 differentiation,	 estimated	
from	quantitative	trait	variation	in	samples	from	across	environmen-
tal	gradients,	have	been	studied	in	many	forest	tree	species	including	
Quercus petraea	 (Ducousso,	 Guyon,	 &	 Kremer,	 1996),	Populus trem-
ula	 (Luquez	 et	al.,	 2007),	 Betula pendula	 (Viherä-	Aarnio,	 Häkkinen,	
Partanen,	 Luomajoki,	 &	 Koski,	 2005),	 and	 Pinus sylvestris	 (Hurme,	
Repo,	Savolainen,	&	Paakkonen,	1997;	Salmela,	Cavers,	Cottrell,	Iason,	
&	 Ennos,	 2011).	 However,	 comparative	 common	 garden	 studies	 of	
multiple	closely	related	tree	species	have	rarely	been	undertaken	and	
have	never	previously	been	conducted	simultaneously	for	the	species	
investigated	 here.	 Studying	 closely	 related	 species	 in	 this	 way	 has	
the	potential	to	 improve	our	understanding	of	how	the	evolutionary	
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process	operates	on	adaptive	trait	variation	across	environmental	gra-











within	 the	 last	 5	Myr	 (Wachowiak,	 Palme,	 &	 Savolainen,	 2011).	
Taxonomically,	they	are	treated	as	independent	species	or,	excluding	
P. sylvestris,	 as	 subspecies	 in	 the	P. mugo	Turra	 complex	 (Businsky	&	















Alps	 as	 well	 as	 several	 marginal	 locations	 in	 the	 Iberian	 Peninsula	
(Hamerník	&	Musil,	2007).









Although	 these	 species	 are	 clearly	 differently	 adapted	 and	 can	
be	 recognized	 based	 on	 growth	 form	 and	 size,	 previous	 studies	
have	 shown	 that	 they	 share	 a	 highly	 similar	 genetic	 background.	








ation	within	 and	among	 species	 should	be	 similar	when	 considered	
across	similar	environmental	gradients.	Despite	their	disjunct	ranges,	
the	species	overlap	to	some	extent	in	altitude,	temperature,	and	rain-
fall	 range.	 Here,	we	might	 expect	 patterns	 of	 adaptive	 phenotypic	
















2  | MATERIAL AND METHODS
2.1 | Sampling
Open-	pollinated	seeds	of	the	three	pine	species	were	collected	from	
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light)	with	automatic	watering	applied	during	the	growing	season.	The	
glasshouse	temperature	was	set	to	track	outside	temperature	±3°C,	
and	watering	was	 automatic	 at	 4	 times	 a	 day	 for	 3	min	 30	s—typi-
cally,	 this	was	sufficient	 to	keep	pots	moist;	however,	a	control	pot	
containing	a	soil	humidity	probe	was	used	to	regulate	a	minimum	soil	
moisture	 (70%),	 below	which	 additional	watering	would	be	 applied.	




vestris	 (Scotland),	 399	 from	P. mugo,	 and	 467	 from	P. uncinata. The 
average	2010–2011,	2011–2012,	 and	2012–2013	winter	 tempera-
tures	 (October–March)	 were	 4.1°C,	 3.8°C,	 and	 4.0°C,	 respectively.	
The	 lowest	glasshouse	 temperature	 recorded	was	−2.6°C	 (February	
2012).	Mean	temperature	for	the	growing	season	across	all	years	was	
12–15°C.
Acr. Population N Long. Lat. Alt. (m) Temp. (°C)
S1 Sweden,	
Tjärnbergshedens
5 20.74 64.61 110 1.28
S2 Finland,	Punkaharju 5 29.36 61.73 80 3
S3 Poland,	Jarocin 5 17.48 51.97 120 8.2
S4 Austria,	Pernitz 5 16.00 47.91 500 9.1
S5 Italy,	Cella	di	Palmia 5 10.17 44.63 340 12.5
S6 Spain,	Trevenque 5 −3.55 37.10 1,170 15.7
S7 Spain,	Valsain 3 −4.04 40.87 1,350 11.3
S8 SCO,	Shieldaig 3 −5.64 57.51 81 7.6
S9 SCO,	Glen	Tanar 5 −2.86 57.06 160 7.8
S10 SCO,	Rothiemurchus 5 −3.77 57.15 318 6.5
S11 SCO,	Glen	Affric 5 −4.92 57.27 256 7.65
S12 SCO,	Black	Wood	of	
Rannoch
5 −4.32 56.67 275 7.65
S13 SCO,	Glen	Loy 5 −5.13 56.91 170 7.65
M1 Poland,	Śląskie	
Kamienie
4 15.60 50.78 1,300 0.4
M2 Austria,	Karwendel	
Alps
5 11.30 47.38 1,400 8.7
M3 Italy,	Karnische	Alps 5 13.26 46.55 1,530 7.5
M4 Italy,	Abruzzi	Mts. 5 14.08 42.08 2,200 13.9
M5 Romania,	Eastern	
Carpathians
4 24.80 47.57 1,720 7.9
M6 Romania,	Southern	
Carpathians
4 25.45 45.43 2,070 −2.6
M7 BH,	Belashnica	Mts. 3 18.22 43.75 2,120 9.5
M8 Montenegro,	Durmitor	
Mts.
5 19.09 43.16 2,100 6.9
M9 Bulgaria,	Pirin	Mts. 3 23.42 41.77 2,000 13.9
U1 France,	Col	de	la	Croix	
de	Morand
5 3.05 45.68 1,400 10.9
U2 Andora,	Pyrenees,	Vall	
de	Ransol
5 1.59 42.63 2,025 13.4
U3 Andora,	San	Miguel	de	
Engolasters
5 1.57 42.52 2,000 13.4
U4 Spain,	Castiello	de	Jaca 5 −0.54 42.64 1,720 −1.3
U5 Spain,	Sierra	de	Gudar 5 −0.61 40.39 2,000 11.5
U6 Spain,	Pyrenees,	
Benasque
5 0.66 42.69 2,000 −1.2
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we	 employed	 statistical	 models	 that	 were	 robust	 to	 unbalanced	








tation	of	 Scottish	populations.	 Populations	were	 considered	 fixed	
factors,	 and	 families	within	 populations	 and	 blocks	were	 random.	
Variance	components	due	to	populations,	families,	and	blocks	were	





duced	 phenotypic	 adaptive	 variation	 among	 natural	 populations	 by	
looking	at	trait	variation	associated	with	altitude	and	latitude.	As	vari-
ation	in	the	traits	analyzed	is	related	strongly	to	location,	and	because	
geographic	 descriptors	 capture	 unmeasured	 environmental	 factors	
that	might	also	be	selectively	important,	we	used	latitude	and	altitude	
as	predictors	for	the	investigated	traits.	Data	on	mean	temperature,	










model	was	 first	 specified	using	 the	package	 “lme4”	 (Bates,	Mächler,	
Bolker,	&	Walker,	2015)	as	follows:
where	the	covariates	latitude	and	altitude	(m)	at	sites	of	origin	were	




were	 generated	 and	evaluated	by	AICc	using	 the	package	 “MuMIn”	





described	 for	 environmental	 covariates.	 The	 first	 of	 each	 trait	 pair	
was	 defined	 as	 the	 dependent	 variable;	 models	 with	 and	 without	
the	second	trait	as	a	covariate	were	then	compared	in	terms	of	AICc.	
Covariates	were	 retained	on	 their	 original	 scales.	 Population,	 family	
within	population,	and	block	were	fitted	as	random	effects.
3  | RESULTS
3.1 | Phenotypic differentiation between species
There	was	a	significant	difference	(p	<	.0016	for	all	traits)	between	
species	 in	phenology	and	growth	 (Figure	2,	Table	S2).	On	average,	



















3.2 | Phenotypic differentiation within species
There	 was	 significant	 between-	population	 variation	 in	 phenology	
among	P. sylvestris	from	mainland	locations	and	among	P. mugo	popu-
lations,	 but	 not	 among	 Scottish	 P. sylvestris	 populations	 or	 among	
P. uncinata	 populations	 (Table	S4).	 Continental	 P. sylvestris	 and	




between	 northern	 European	 populations	 (Finland	 and	 Sweden)	 and	
all	 other	 locations	 (Figure	3).	 In	 general,	 populations	 from	 northern	
Europe	 set	 bud	 and	 flushed	 earlier	 than	 southern	 populations.	 For	
example,	northern	populations	of	P. sylvestris	set	terminal	buds	from	
about	three	to	6	weeks	earlier	than	Scottish	and	southern	European	




from	 Poland	 and	 Sweden	 (the	 fastest	 and	 slowest	 growing	 popula-
tions,	 respectively).	 Populations	 from	 Scotland	 exhibited	 intermedi-
ate	heights.	No	significant	differences	were	observed	among	Scottish	
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In P. mugo,	 populations	 from	 the	 Carpathians	 set	 terminal	 buds	
earlier	than	other	populations.	Differences	in	bud	burst	were	observed	





from	 the	Pirin	Mountains,	Bulgaria.	Differentiation	between	P. mugo 
populations	was	only	the	major	component	of	variation	for	bud	burst.	




traits	 (Table	S4).	 Significant	 between-	population	differences	 in	 height	
in	this	species	were	driven	by	one	population	from	Spain	(Castiello	de	
Jaca)	that	showed	the	slowest	growth	compared	to	other	populations.











However,	 for	 continental	 populations	 of	 P. sylvestris,	 evidence	 was	




urements,	 effects	 of	 altitude	 and	 latitude	 at	 population	origin	were	
found	in	P. mugo.	In	this	case,	the	effect	sizes	of	altitude	and	latitude	
were	similar.	No	environmental	associations	were	observed	for	phe-
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gradients	 from	northern	 to	 southern	Europe	 that	experience	differ-





and	 intraspecific	 local	 adaptation.	We	 focused	on	 using	 geographic	
descriptors	 (latitude,	altitude)	 to	assess	 trait	variation	as	 these	have	
strong	relationships	with	variation	in	the	phenology	and	growth	traits	
studied.	Common	garden	experiments	are	useful	for	studying	genetic	
variation	 in	phenotypic	 traits	 as	 they	minimize	variation	 in	environ-
mental	conditions.	In	our	case,	glasshouse	conditions	did	not	reflect	
those	at	the	home	sites	of	any	of	the	provenances	studied	and	were	




ferences	observed	 in	our	study	 in	 the	analyzed	traits	should	have	a	














Our	 data	 showed	 that	 these	 closely	 related	 pine	 species	 have	
evolved	 significant	 differences	 in	 phenology	 and	 height.	 In	 general,	
P. sylvestris	was	 phenotypically	 distinct	 from	 the	 other	 two	 species.	
However,	 there	 was	 some	 overlap	 in	 phenology	 between	 species.	
For	instance,	populations	of	P. sylvestris	from	Finland	had	similar	bud	
set	timing	to	P. mugo	populations	from	the	Carpathians,	and	P. mugo 






Trait Species Intercept (SE) Altitude (SE) Latitude (SE) df ΔAICc Akaike weight
Bud	set	first	year	
(2010)
P. sylvestris	(mainland) 42.31	(1.52) −25.38	(4.4) −46.56	(4.35) 7 20.71 1.00
P. sylvestris	(Scotland) 36.29	(0.99) – 2.59	(1.88) 6 0.21 0.36
P. mugo 19.47	(1.49) −4.19	(2.83) – 6 0.32 0.31
P. uncinata 27.07	(1.15) – – 5 0.00 0.37
Bud	burst	second	
year	(2011)
P. sylvestris	(mainland) 33.38	(1.85) – −8.96	(3.13) 6 4.74 0.59
P. sylvestris	(Scotland) 35.52	(0.67) −1.77	(1.22) −1.81	(1.19) 7 0.16 0.31
P. mugo 27.20	(1.59) – – 5 0.00 0.36
P. uncinata 36.90	(0.47) – – 5 0.00 0.43
Bud	burst	third	year	
(2012)
P. sylvestris	(mainland) 35.73	(3.37) −13.5	(8.99) −24.75	(9.07) 7 3.97 0.54
P. sylvestris	(Scotland) 42.12	(2.14) – – 5 0.00 0.50
P. mugo 28.71	(2.04) −25.91	(7.14) −20.13	(6.22) 7 5.79 0.90
P. uncinata 47.66	(1.40) – – 5 0.00 0.46
Height	second	year	
(2011)
P. sylvestris	(mainland) 15.35	(1.11) −12.75	(3.18) −13.32	(3.16) 7 7.79 0.96
P. sylvestris	(Scotland) 13.86	(0.81) – – 5 0.00 0.49
P. mugo 5.80	(0.34) −0.94	(0.68) – 6 0.17 0.31
P. uncinata 8.83	(0.65) – – 5 0.00 0.34
Height	third	year	
(2012)
P. sylvestris	(mainland) 39.15	(2.45) −29.43	(6.24) −27.96	(6.24) 7 8.83 0.98
P. sylvestris	(Scotland) 34.55	(1.95) – – 5 0.00 0.48
P. mugo 15.42	(1.20) – – 5 0.00 0.33
P. uncinata 24.04	(1.35) – – 5 0.00 0.51
Height	fourth	year	
(2013)
P. sylvestris	(mainland) 53.69	(2.61) −34.45	(7.08) −30.17	(7.11) 7 9.06 1.00
P. sylvestris	(Scotland) 47.69	(2.19) – – 5 0.00 0.51
P. mugo 23.09	(1.56) – – 5 0.00 0.34
P. uncinata 32.57	(1.76) – – 5 0.00 0.48
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in	 different	 species.	 Differences	 in	 height	 among	 populations	were	
more	consistent	 than	differences	 in	phenological	 traits.	Pinus sylves-
tris	 showed	 more	 rapid	 growth	 than	 the	 species	 from	 the	 P. mugo 
complex.	Reduced	height	 can	be	advantageous	 in	mountain	 regions	





latter	 and	P. sylvestris	 corresponds	 to	adaptation	 to	 similar	 and	 rela-
tively	narrow	environmental	niche	occupied	by	the	species	from	the	
P. mugo	complex.	These	patterns	are	reflected	in	estimates	of	evolu-
tionary	 divergence	 from	biometric,	 biochemical,	 and	molecular	 data	
(Boratynska,	Jasinska,	&	Boratynski,	2015;	Lewandowski,	Boratyński,	
&	Mejnartowicz,	2000).	Despite	differences	in	growth	form,	the	taxa	
from	 the	P. mugo	 complex	 have	 shown	 no	 diagnostic	 anatomical	 or	
morphological	needle	 traits,	or	molecular	markers	 (Boratynska	et	al.,	
2015;	Jasińska	et	al.,	2010;	Wachowiak,	Odrzykoski,	Myczko,	&	Prus-	
Głowacki,	 2006).	 Therefore,	 some	 biometric	 markers	 often	 used	 in	
pine	 taxonomy	 could	 not	 be	 applied	 to	verify,	 e.g.,	 hybrid	 origin	 of	
trees	from	contact	zones	of	the	species	(Boratynska	et	al.,	2015).
4.2 | Patterns of within- and between- population 
differentiation
At	 the	 within-	species	 level,	 the	 taxa	 showed	 different	 patterns	 of	
within-	and	between-	population	variations.	 In	P. sylvestris,	we	found	




related	 to	 photoperiod	 and	 temperature	 differences	 (Hurme	 et	al.,	
1997;	Rohde,	Bastien,	&	Boerjan,	2011).	On	the	other	hand,	popula-
tions	from	Spain,	Scotland,	and	northern	Europe	(Finland	and	Sweden)	





grown	under	photoperiods	 typical	of	50°	 latitude,	 significant	differ-
ences	were	observed	 in	 the	 timing	of	bud	 set	of	 young	pines	 from	
northern	 versus	 southern	 regions	 (Oleksyn	 et	al.,	 1992)	 and	 height	

























enous	environmental	conditions	within	populations	 in	 lowland	P. syl-
vestris	stands	than	in	mountain	populations	of	the	P. mugo	complex	in	
Europe	or	P. sylvestris	populations	from	the	Scottish	Highlands.	In	our	
dataset,	we	 observed	 between	 family	 differences	 in	 phenology	 and	




et	al.,	 2011).	 In	 this	 experiment,	 samples	were	 grown	outdoors	 and	





















data	 also	 indicated	 differentiation	 of	 P. mugo	 populations	 from	 the	
Balkans,	 represented	 in	 our	 dataset	 by	 the	 Pirin	Mountain	 popula-
tion.	This	was	explained	as	being	due	to	colonization	of	the	Balkans	












tiated	population	was	 from	Castiello	 de	Jaca,	which	 showed	 slower	
growth	than	all	other	populations.
4.3 | Underpinning future searches for genes of 
adaptive significance
Recent	 studies	 of	 nucleotide	 sequence	 variation	 showed	 high	 ge-
netic	 similarity	 between	 the	 focal	 species:	 they	 share	 a	 high	 pro-




of	 local	 adaptation	 and	 speciation.	 Our	 data	 show	 that	 the	mean	
and	level	of	variation	in	important	phenotypic	traits	differ	between	
taxa.	 Given	 this	 evidence	 for	 quantitative	 phenotypic	 divergence,	
studies	of	variation	at	the	genome	level	can	now	be	better	focussed	
on	 searches	 for	 genes	 that	 have	experienced	 selection	during	 the	
process	 of	 speciation.	 Correspondingly,	 linking	 analysis	 of	within-	
species	 phenotypic	 variation	 to	 analysis	 of	 patterns	 of	 molecular	
polymorphism	will	 help	 to	 verify	which	 genes	 are	 under	 selection	
due	 to	 adaptation	 to	 local	 environmental	 conditions.	However,	 as	
many	phenotypic	 traits	are	polygenic,	 searches	 for	genes	 involved	
in	 local	 adaptation	and	 speciation	must	 involve	many	genomic	 re-
gions.	 Recently	 developed	 genomic	 resources	 for	 P. sylvestris	 and	
the	taxa	from	the	P. mugo	complex,	comprising	whole	transcriptome	
sequences	and	a	large	database	(over	200,000)	of	single	nucleotide	
polymorphisms	 (SNPs),	provide	a	valuable	 set	of	markers	 for	 such	
analysis	(Wachowiak,	Trivedi,	Perry,	&	Cavers,	2015).	Such	studies	




Our	 data	 demonstrate	 significant	 between-	species	 variation	 in	
phenology	and	height.	Distinct	intraspecific	patterns	of	phenotypic	
variation	 indicate	 that	 selection	has	operated	differently	on	 traits	
important	 for	 adaptation	 to	 the	 environments	 occupied	 by	 indi-
vidual	 species.	 Approaches	 for	 resolving	 the	 genetic	 architecture	
of	adaptive	 traits	 in	species	derived	from	heterogeneous	environ-
ments	such	as	the	taxa	from	the	P. mugo	complex	should	take	into	
account	 the	high	within-	population	variation	of	 the	studied	 traits.	
Comparison	 of	 genetic	 variation	 between	 populations	 could	 be	






tion	 and	effects	 can	 advance	management	practice	 as	 forests	 are	
challenged	by	future	environmental	changes.
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